A series of closed circular (I) plasmid DNAs has been derived from drug resistance factor R12, and the nicked circular (II) and linear (III) derivatives of these molecules prepared by irradiation in the presence of ethidium bromide and by treatment with restriction enzyme EcoRI, respectively. These DNAs encompass the molecular weight range 3.6 to 61 megadaltons. The base compositions range from 45% to 51% (GC) as estimated by buoyant density determinations. The smaller plasraids are significantly less supercoiled (9-10%) than are the larger (12-13%). The gel electrophoretic behavior of the three DNA structural forms was determined as a function of molecular weight in agarose gels of concentrations ranging from 0.7% to 1.6% and at electrophoresis salt concentrations from 0.02 M to 0.08 M sodium acetate. The mobilities of DNAs I and III undergo a reversal relative to each other at a molecular weight which decreases with increasing agarose gel concentration. The molecular weight at which DNA II fails to enter a gel depends upon the ionic strength during electrophoresis but not upon the gel concentration.
INTRODUCTION
We have previously reported the isolation, by TC* selection, of a series of plasmid DNAs derived from the drug resistance factor R12 in E_. coli K-12 (1) . These plasmids are covalently closed duplex circular molecules and range in molecular weight from 3.6 to 61 megadaltons. The selection procedure is sufficiently general so that plasmid DNAs of essentially any size within these limits may be obtained. The plasmids were shown to be homologous with R12 and, in general, plasmid DNAs of increasing size represent direct extensions of those of the next lower molecular weight. An exception is plasmid pSMl, the smallest member of the series, which contains an internal deletion.
Heteroduplex experiments among several of these plasmid DNAs, the results of which will be reported in detail elsewhere (2) , strongly support an ISl-mediated intramolecular recombination mechanism for plasmid formation. These plasmids are incompatible with the original R12, hence rapidly segregate and form stable systems in j£. coli K-12. The yields of DNA are large, approximately 1.0 mg DNA per liter of lysate. The presence of antibiotics, such as CM, is unnecessary to attain this amount of DNA (corresponding to approximately 100 copies per bacterium in the case of plasmid pSMl). The plasmid DNA is easy to isolate from stationary phase cells and the yield of DNA is comparable to that obtained from bacteriophage PM-2 (3), for which the isolation procedure is much more complex (4) and for which the amount of DNA per liter tends to be highly variable.
This series of molecules is therefore extremely useful for physical and chemical studies of the properties of closed circular DNAs, as well as of the nicked and linear molecules which can be produced from them.
In the present communication we document many of the physical characteristics of these plasmid DNAs, including the molecular weights, buoyant densities, and superhelix densities. We also present the agarose gel screening procedure used to obtain the pSM series of plasmids.
In the process of performing agarose gel electrophoresis with the DNA molecules corresponding to these closely related plasmids, we noticed that for the larger plasmids the ccc DNA migrates more slowly than the linear DNA of the same length. For smaller plasmids, on the other hand, the ccc DNA migrates faster than the derived linear DNA. We also observed that the crossover point, at which the linears migrate at the same rate as the ccc DNA of the same size, depends upon the experimental conditions.
A systematic study was undertaken to examine the effect of the percentage agarose on the electrophoretic behavior of the plasmids and of their nicked and linear derivatives. The effects of varying the composition of the electrophoresis buffer or the voltage gradient were also examined.
We found that all these factors can affect the relative rates of migration of the various DNA species. The information so obtained is generally useful in the identification of DNA components in gels and in the selection of optimal conditions for the electrophoresis of DNAs over a wide range or size and of various structural types.
MATERIALS AND METHODS
Bacterial strains. The I!, coli strains containing the various plasmids derived from R factor R12 were described previously (1) . E_. coli strain 904, containing the colicinogenic factor Col El (5), and strain W1485, a prototropic strain containing the F factor (6), were obtained from Dr. E.
Ohtsubo. £. mirabilis strains Pml5 (7) and Pml5/NR1 (8) This solution was then pipetted into 14 x 0.8 (o.d.) cm sealed glass tubes, partially constricted at the bottom. After 20-30 min the gels were ejected from the tu'oe with a syringe and cut to 10 cm with a razor blade.
The gels were placed in a Buchler electrophoresis apparatus and E buffer placed in the chambers. Sample application is described in the next section. The slab gels for multiple samples were prepared as described previously (1) .
Screening of single colonies for plasmids. Single colonies of bacteria were inoculated into 5 ml of Penassay broth (Antibiotic Medium 3, Difco) in 18 x 150 mm culture tubes and grown overnight at 37° with vigorous shaking so that they had been in stationary phase for 10-12 hr when harvested, thus providing an opportunity for plasmids to continue and complete replication. Then 0.25 ml of cells were spun down at 8,000 rpm, 0°C for 10 min in a Sorvall SS34 rotor. The cells were resuspended by vortexing at room temperature in 1 ml of TE buffer (0.01 M tris-HCl, 0.001 M EDTA pH 8.6) and again spun down. The cells were resuspended in 0.25 ml TE buffer and 0.020 ml of 25% (w/v) SDS added, following which the tube was gently tilted to mix and and placed at 63°C, 10 min, for lysis to occur. An aliquot of 30-40 \il of lysed bacteria was mixed on a small square of parafilm with 10 uH of 50% sucrose, 0.02% bromphenol blue and the resulting solution gently stirred and layered using a 0.1 ml pipet and a propipet with minimal dead space through the E buffer onto the surface of the gel. The samples were run at 100 V, 5 ma/gel at 25°C for 2 hr. The gels were then removed from the tubes and stained in E buffer containing 0.5 ug/ml EtdBr. The DNA bands were visualized with either long wave or short wave ultraviolet light (Ultraviolet Products, San Gabriel, Ca.) and photographed with Polaroid type P/N film through a 23A orange filter (Tiffen Photar).
Short wave illumination allows the detection of less than 0.05 v% of DNA (9) .
Buoyant density determinations. Buoyant densities of all plasmids were determined in the analytical ultracentrifuge, employing bacteriophage 2C as a marker. This latter DNA, a generous gift of Dr. Jacques Pene, has a buoyant density of 1.7378 g/ml as determined in our laboratory, taking E_. coli DNA to have a standard buoyant density (6) of 1.7035 g/ml (10).
The buoyant density gradient was used in all calculations (11) , employing the pressure coefficient t|i = 23.3 x 10" 1 cm sec 2 g" 1 (12) .
RESULTS
Assay for plasmids on agarose gels. Single colonies of bacteria were lysed with SDS and treated as described above, following which samples were layered onto 1% (w/v) agarose gels prepared in E buffer. The superhelix densities of several of the pSM plasmids are listed in Table 1 , along with the buoyant densities determined analytically as Table also includes the buoyant densities, determined as described above, and the calculated base compositions (17, 18) . The molecular weight measurements, the results of which are listed here, are reported in detail elsewhere (1,2).
The effect of the agarose concentration upon the relative electrophoretic mobilities of the pSM plasmid DNAs. A typical 1% agarose slab gel, 10 cm in length, which was subjected to a voltage gradient of 8 V/cm for 2.5 hr is shown in Figure 2 . The distances the various bands migrated from the origin (sample slot) at the top of the gel were measured and normalized relative to the migration position of linear R12 DNA (channel k, the band farthest into the gel). The identification of the bands corresponding to Two conclusions can be drawn from Figure 3 . First, the molecular weight (crossover point) at which linear and ccc DNAs comigrate increases as the percentage agarose is decreased. This is shown in the lower curve of Figure 4 , in which the logarithm of the crossover molecular weight is plotted as a function of the gel concentration. This former quantity is linearly related to the agarose percentage below about 1.2%. At yet higher gel concentrations the relative mobilities of DNAs I and III become insensitive to molecular weight. The upper curve in Figure 4 represents the size of ccc DNA which would migrate at the same rate as linear R12 DNA. This is an approximation of the plasmid size class which is obscured by chromosomal DNA in the bacterial whole cell lysis method discussed above if the gels were subjected to 8 V/cm for 2.5 hr. Smaller plasmids would migrate faster than the chromosomal DNAs, larger plasmids slower. The second conclusion which may be drawn from Figure 3 is that, for gels run at 8 V/cm in standard E buffer, the size cutoff for the exclusion of nicked circular DNA molecules from the gel is the same for all agarose percentages.
We have assessed the reproducibility of the data obtained with the gel experiments by examining the same DNAs on duplicate gels and with various gel holders and power supplies. The absolute mobilities 2 (see below) for pSMl ccc DNA vary from about 6-10 cm /volt/sec with changing conditions. When normalized relative to the limiting (constant) mobility of large linear DNAs present on the same slab gel, however, the relative mobilities are remarkably reproducible. The variation in absolute mobilities may be ascribed to lack of adequate temperature control or to some irreproducibility in the preparation of the gels. statistically insignificant. These considerations lend strong support to the conclusion that a real variation in superhelix density occurs among the members of this homologous series of plasmids, even though they were grown under identical conditions in E. coli K-12 as host strain.
It is striking that the members of the low superhelix density class are also the plasmids of low molecular weight (< 8.3 kb), whereas those of the high superhelix density class represent the larger DNAs (> 17 kb).
It is possible that a causal relationship exists between DNA size and superhelix density, since the smaller molecules are certainly less flexible than the larger. A distinction of this type is unlikely to be important, however, because even the smallest of these plasmids, pSMl, contains about O 28 persistance lengths of 650 A (19) . The range in number of persistance lengths in the lower class is 28-43 and in the larger class 92-430.
Although molecules of the larger class are clearly more flexible, both classes appear to be well above the size range in which stiffness is expected to be an important factor in limiting the attainable superhelix densities. It should also be stated that in no other system has a correlation between molecular weight and superhelix density been observed. The 28 E. coli 15 plasmid, for example, has 2a o = 0.089 (20) and is 1.45 mega-28 daltons (21); chick liver mitochondrial DNA has -o o = 0.061 (22) and is 28 10.7 megadaltons (23); and *cl g57 from sensitive cells has -o o = 0.063 (20) and is 32.8 megadaltons (20) . Other such examples have been tabulated (24) .
As an alternative interpretation, it is perhaps noteworthy that all members of the high superhelix density class are of relatively high G+C content whereas the opposite is true of the low class, with the exception of pSMl. It has been reported (25) that the duplex rotation angle of very AT-rich DNA is reduced in solution from 33.4° (determined with calf thymus DNA) to 28.6°. Since duplex unwinding is associated with a reduction in superhelix density, it is possible that the origins of the class differences reported here lie in differences in base composition.
The overall base composition is clearly too crude a discriminator to permit quantitative predictions, however, and it is also probable that local base sequence differences play a role. The case of pSMl is especially interesting in this respect. This plasmid differs from pSM2 by a deletion A related phenomenon, also shown in Figure 3 , is that the relative mobilities of both components become insensitive to molecular weight at progressively lower values as the gel concentration is increased. This loss of molecular weight dependence occurs at much lower gel concentrations for IIJ than for i I. -In the former case the plateau in U begins at about 15 megadaltons at 0.7% agarose but at only 5 megadaltons at 1.6% agarose. In the latter case the plateau does not become apparent until the gel concentration has reached 1.2%, and at higher concentrations the flattening appears to occur at about 12 megadaltons regardless of further gel concentration increases. In no case was either component excluded from a gel regardless of the agarose concentration.
A rational explanation of the above behavior must be based upon both the structures of the DNAs and upon that of the gel matrix. Arnott and co-workers (27) have shown that agarose gels consist of associated double helices which are probably organized into a network of rods containing large voids through which macromolecules may pass. If the motion of III is essentially via "snaking" the mobility of this form should diminish with molecular weight until the limit is reached beyond which further distal encounters with the matrix provide no additional contribution to retardation. As the gel concentration increases so does the encounter frequency, hence the molecular weight insensitivity limit is reduced. DNA I, having no free ends, cannot move by "snaking." At low gel concentrations the reduced radius of gyration of I relative to III is probably responsible for its relatively greater mobility at low molecular weights, the implication being that the DNA I radius of gyration is here comparable to the matrix pore size. As the agarose concentration increases the pore Size decreases, resulting in increased DNA/gel encounter. Eventually, further increases in the size of the DNA I species provides no significant increase in encounter frequency hence the mobility becomes molecular weight-insensitive. The physical significance of the crossover point is difficult to explain, the structures of the two molecules being so different.
Presumably this point represents a balance between the relative advantages of "snaking" and of a reduced radius of gyration. As shown in Figures 5 and   6 , however, this interpretation is clearly incomplete.
Electrophoretic behavior of nicked circular PNAs. The analyses presented in Figure 3 reveal that a nicked circular DNA invariably migrates more slowly than either the corresponding linear or closed circular species.
The mobility of DNA II decreases with M over the very low molecular weight range, becoming independent of size above about 5-6 megadaltons.
This DNA completely fails to enter all gels, regardless of percentage agarose, at molecular weights in excess of 14-16 megadaltons. This DNA, also having no ends, cannot move by the "snaking" mechanism. In the standard E buffer, 0.02 M NaOAc, these molecules are expected to be quite stiff (and therefore extended) due to charge replusions (28) . As demonstrated in Figure 6 , the molecular weight exclusion limit for this DNA may be shifted to much higher values by increasing the salt concentration in the electrophoresis buffer. (The behavior of DNAs I and III is little affected by this procedure.) We attribute the salt effect to a decrease in stiffness of DNA II, thus allowing it to enter the gel at an increased M.
The mechanism of the exclusion itself is not known. It is possibly associated with a "hoop and stick" effect, in which nicked circular DNA becomes looped around an agarose rod. In such an event the only mechanism for DNA II to continue migration would be by reverse diffusion against the field and off the end of the rod. Such a reverse diffusion would become increasingly difficult at higher fields, possibly explaining the slightly higher exclusion limit at 4 V/cm compared to that at 8 V/cm These methods differ from ours in that whole colonies were directly lysed and that electrophoresis buffers and thus mobilities differed. Electrophoresis in both cases was at much lower voltages for longer times. The method of Barnes (29) It seems likely that the whole cell lysis method presented here will be effective for any strain which can be disrupted by SDS. We have not attempted to assess the utility of the method for plasmids larger than those employed in this study or for plasmids present in fewer copies per cell. The method of Meyers et_ a±. (31) , in which chromosomal DNA is eliminated prior to electrophoresis, might be advantageous in some cases.
